Malignant tumors of the central nervous system (CNS) are the 10 th most frequent cause of cancer mortality. Despite the strong malignancy of some such tumors, oncogenic mutations are rarely found in classic members of the RAS family of small GTPases. This raises the question as to whether other RAS family members may be affected in CNS tumors, excessively activating RAS pathways. The RAS-related subfamily of GTPases is that which is most closely related to classical Ras and it currently contains 3 members: RRAS, RRAS2 and RRAS3. While R-RAS and R-RAS2 are expressed ubiquitously, R-RAS3 expression is restricted to the CNS. Significantly, both wild type and mutated RRAS2 (also known as TC21) are overexpressed in human carcinomas of the oral cavity, esophagus, stomach, skin and breast, as well as in lymphomas. Hence, we analyzed the expression of R-RAS2 mRNA and protein in a wide variety of human CNS tumors and we found the R-RAS2 protein to be overexpressed in all of the 90 CNS cancer samples studied, including glioblastomas, astrocytomas and oligodendrogliomas. However, R-Ras2 was more strongly expressed in low grade (World Health Organization grades I-II) rather than high grade (grades III-IV) tumors, suggesting that R-RAS2 is overexpressed in the early stages of malignancy. Indeed, R-RAS2 overexpression was evident in pre-malignant hyperplasias, both at the mRNA and protein levels. Nevertheless, such dramatic changes in expression were not evident for the other two subfamily members, which implies that RRAS2 is the main factor triggering neural transformation.
Background
The RAS family of small GTPases is comprised of 36 genes that encode 37 proteins. It is classified into 21 subfamilies, of which only genes in the classic RAS subfamilies (HRAS, NRAS and KRAS) and RRAS2 have been seen to carry mutations in human cancers [1] . RRAS2 (also known as TC21) is a member of the RAS-Related (RRAS) subfamily, which also includes RRAS (referred to henceforth as RRAS1) and RRAS3 (also known as MRAS) [2] . Of the 3 members of this subfamily, R-RAS2 is the most similar to classic RAS (55-60% protein identity) [3] and this gene has been shown to be mutated in a leiomyosarcoma cell line, a breast cancer cell line, as well as in ovarian carcinoma [4] [5] [6] [7] . However, overexpression of the wild type form of R-RAS2 has also been frequently detected in carcinomas of the breast, skin, esophagus, stomach and oral cavity. Furthermore, RRAS2 is the only RAS family member besides classical RAS that can transform NIH-3 T3 cells. Hence, there is strong evidence that RRAS2 may be involved in the transformation related to different types of cancer [8] [9] [10] [11] .
The role of R-RAS2 in normal tissue has been studied in RRas2 −/− mice, which are lymphopenic due to defects in the proliferation and survival of both T and B cells [12] . Interestingly, while mice heterozygous for the null mutation (RRas2 +/− ) express 50% of the protein found in wild type mice, they are phenotypically more similar to the null knockout mice than to wild type controls [13] . In conjunction with the frequently observed overexpression of wild type R-RAS2 in human cancer, these observations suggest that the expression of the R-RAS2 must be tightly regulated during normal tissue development and homeostasis.
The switch I and II effector domains of R-RAS2 are identical to those of classical RAS [3] , indicating that R-RAS2 may also act in the pathways activated by classical RAS [14] . However, while classic RAS exerts its proproliferative activity via the activation of the Raf-ERK pathway of MAP kinases, R-RAS2 appears to activate this pathway poorly as it does not recruit Raf1 [15] , although it is a strong activator of the PI3K pathway [16, 17] .
In the USA, malignant tumors are diagnosed in the central nervous system (CNS) of 6.6 out of every 100,000 individuals each year, affecting mostly children and the elderly. In developed countries they are associated with a mortality of 2.7 per 100,000 men and women each year, the 10 th most frequent cause of mortality due to cancer [18] . Although some of these tumors are very malignant, mutations in classic RAS members are rare, even though the activity of RAS effectors like PI3K may be enhanced [19] [20] [21] . Indeed, since mutations in classic RAS genes, specifically in NRAS [22] , were only detected in 2 out of 94 glioblastomas studied, we investigated whether the expression of other RAS family members may be altered in human CNS tumors. Accordingly, we studied the expression of R-Ras2 mRNA and protein in a wide variety of human CNS tumors. R-RAS2 was overexpressed in samples of 288 different human CNS cancers, including glioblastomas, astrocytomas and oligodendrogliomas. However, R-Ras2 was more strongly expressed in low-grade (grades I-II) tumors rather than in high grade tumors (III-IV), suggesting that R-RAS2 is overexpressed in the early stages of malignancy.
Methods

Western blotting
Brain tissue samples were homogenized in 1 ml of lysis buffer (50 mM Tris [pH 8], 150 mM NaCl, 1% NP40 and a protease inhibitor cocktail [Sigma-Aldrich, USA]), incubated on ice for 45 minutes and centrifuged at 11,000 rpm. The protein concentration of the lysate was measured by spectrophotometry, and the proteins were then resolved on 15% SDS-PAGE gels (80 μg/well) and transferred to a nitrocellulose membrane. The membrane was probed overnight at 4°C with a specific rabbit antiserum against R-Ras2 (1:1000) purified with a GST-R-Ras2 fusion protein [12] . The GST-RRAS2 fusion protein was generated by the insertion of a cDNA encoding RRAS2 into the pGEX-4 T3 vector as recommended by the manufacturer (Pharmacia). Antibody binding was detected using a horseradish peroxidase-conjugated antirabbit immunoglobulin G (GE Healthcare UK), which was visualized by chemiluminescence (BioRad Laboratories, California, USA) after washing 3 times with 1% TBS Tween buffer and by exposure of the membrane to X-ray film.
R-RAS2 expression
R-RAS2 expression was assessed in the commercial Brain Tumor Screen (CC17-11-004: n = 200) and Brain Medulloblastoma (CC17-11-002: n = 60) tissue microarrays (Cybrdi). The arrays were equilibrated in 0.3 M NaCl, 0.1 M Tris-HCl [pH 7.4] containing 1% (v/v) newborn calf serum and then probed at 4°C overnight with the specific anti-α-R-RAS2 antibody (1:100). After washing thoroughly, antibody binding was detected with a biotinylated donkey anti-rabbit IgG (1 h) and then with a streptavidinbiotinylated horseradish peroxidase complex (1 h). The arrays were again washed and they were then incubated for a further 6 minutes in 0.1 M sodium phosphate in the presence of H 2 O 2 (0.1 mg/ml) and diaminobenzidine (0.5 mg/ml), producing a colorimetric reaction that was stopped by adding 0.1 M sodium phosphate.
Sample quantification
The expression of R-RAS2 in immunohistochemical (IHC) images was evaluated by calculating the integrated density of DAB in four equal and representative regions of interest in each sample using ImageJ 1.44c analysis software [23] The integrated density calculation represents the sum of the values of the pixels in the image or selection, which is equivalent to the product of the area and the mean grayscale value. For RGB images, the mean is calculated by converting each pixel to an 8-bit grayscale using the formula gray = (red + green + blue) ⁄ 3. The average density measurements of the samples were compared with those obtained from the controls and the results were expressed as a percentage of the corresponding control. Each sample was assessed by 5 independent evaluators.
RT-qPCR
RNA samples
A total of 32 human samples, including normal and brain cancer tissue samples, were analyzed to assess the expression of the genes of interest. The cancer tissues represented 4 different clinical stages and where possible, mixed ages, genders and ethnic groups. Total RNA was isolated from the selected tissue using Cytomyx (HBRT102, Lexington, MA) and it was subjected to stringent quality control. The high-quality total RNA obtained by Cytomyx was sent to OriGene Technologies, who generated 1st strand cDNA that was subsequently reverse transcribed using an oligodT primer. The complementary DNAs (cDNAs) were synthesized using a protocol optimized to generate long and rare cDNAs, and to eliminate genomic DNA contamination. These cDNAs were transferred into Tissue qPCR Array plates containing dried, PCR-ready, first-strand cDNAs (Brain Cancer cDNA Array I from OriGene Technologies).
qPCR PCR was performed in intron-spanning assays using the primers RRAS1 (ENSG00000126458; Fw 5′-GGCAGATC TGGAGTCACAGC-3′, Rv 5′-ACGTTGAGACGCAGTT TGG-3′) and RRAS3 (ENSG00000158186; Fw 5′-CAG CTTTGAGCACGTGGA-3′, Rv 5′-CGAGGATCATCGG GAATG-3′), designed using Probe Finder software (Roche Applied Science, https://www.roche-applied-science.com/ sis/rtpcr/upl/index.jsp). Specific intron-spanning primers for RRAS2 (ENSG00000133818; Fw 5′-AGCACGGCAGCT TAAGGTAA-3′, Rv 5′-CTTTCCGTGTTGGTTCTGGT-3′) were designed using Primer Express 2.0 software (Applied Biosystems). The specificity of each assay was determined by performing a BLAST search. A non-intron spanning assay was prepared by OriGene Technologies using primers designed against the Homo sapiens β-actin (ACTB) sequence (NCBI accession # NM_001101). RRAS1 and RRAS3 were provided by Sigma Aldrich, RRAS2 by Invitrogen and ACTB by OriGene Technologies.
The qPCR reactions were performed manually as indicated by OriGene, except that the lyophilized cDNA was diluted in twice the suggested volume of water (to evaluate 2 genes per plate instead of 1) and the reactions were transferred to a 384-well plate. The remaining reagents were added in the suggested proportions and qPCR was performed on an ABI 7900HT Fast Real-Time PCR System (Applied Biosystems), using Sybr green as a fluorescent dye for detection. 
Statistical analyses
All results are expressed as the mean ± standard deviation (SD). The experimental groups were compared using a two-sample Student's t-test. To corroborate these statistical differences, we performed an additional ANOVA test, assembling the samples in groups according to tumor type. The Student's t-test and ANOVA p values are indicated in the figure legends.
Exclusion criteria
Samples exhibiting necrosis or more than 20% contamination with normal tissue were excluded from the analyses (C2, C9, C10, D7, D8, D9, D10, E11, E12, F4, F6 and F7 from Brain Cancer cDNA Array, sample number 178 from CC17-11-004 Array, and samples 13, 14 and 15 from CC17-01-002 Array). The tumors for which the degree of malignancy was not established were also excluded from the study (F8, F9, F10, F11 and F12 from Brain Cancer cDNA Array). Similarly, the samples whose values had a mean deviation + / − 2SD were also eliminated from the study (C4, C11, D1, E1 and E12 from Brain Cancer cDNA Array; samples numbers 22, 37, 38, 75, 85, 150 and 152 from CC17-01-002 Array). The remaining samples were all included in the study.
Results
Expression of the R-RAS2 protein in human CNS tumors
We analyzed the expression of R-RAS2 in 199 human CNS tumor samples from 105 patients, with a wide range of tumor types (Table 1a ). The expression of the R-RAS2 protein was assessed by immunohistochemistry using the polyclonal antiserum described previously, the specificity of which was confirmed by immunoblotting total brain homogenates of wild type and RRas2 −/− mice (Additional file 1: Figure S1c ). R-RAS2 was overexpressed in all cancer types and grades when compared to the 23 normal brain tissue samples taken from patients ( Figure 1 , Additional file 1: Figure S1a and Additional file 2: Figure S3 ). Densitometric quantification revealed R-RAS2 protein expression to be between 3-and 7-fold higher in malignant tissue (n = 170) than in normal brain tissue (n = 23), although R-RAS2 overexpression appeared to be inversely correlated with the tumor grade for all the tumor types analyzed. Thus, R-RAS2 was overexpressed approximately 8-fold more in grade III glioblastomas (n = 13) when compared to normal tissue, while only a 4-fold increase in expression was observed in grade IV tumors (n = 15: Figure 1 ). Likewise, R-RAS2 expression increased 5-fold in grade I-II astrocytomas but only 3-fold in grade III astrocytomas. Finally, R-RAS2 expression increased approximately 7-fold in grade I-II oligodendrogliomas (n = 9) and 4-fold in grade III tumors (n = 4). Interestingly, R-RAS2 protein overexpression was also associated with non-malignant hyperplasia in the brain (Figure 1 and Additional file 2: Figure S3 ). Together, these results suggest that R-RAS2 is overexpressed in a wide variety of brain tumors, yet more intensely in premalignant conditions. Moreover, R-RAS2 overexpression is also more pronounced in lower grade tumors than in highgrade glioblastomas, astrocytomas and oligodendrogliomas ( Figure 1 , Additional file 1: Figure S1a and Additional file 2: Figure S3 ).
An analysis of RRAS2 expression in a second array of highly malignant CNS tumors, 57 samples from 19 patients (Table 1b) , also revealed R-RAS2 overexpression in grade IV medulloblastomas (n = 18), cerebromas (n = 9), meningioma (n = 11), ependymomas (n = 3) and undifferentiated (n = 15) tumors (Figure 2 and Additional file 1: Figure S1b ). Significant differences in R-RAS2 expression were observed depending of the type and origin of the tumor, with the strongest R-RAS2 expression detected in medulloblastomas and the weakest in undifferentiated ependymoma (Figure 2) .
Overexpression of RRAS2 mRNA in human brain tumors RRAS2 overexpression in human CNS tumors was confirmed by RT-qPCR in tissue samples from 32 patients (Table 1c) . In different brain tumor types, RRAS2 mRNA expression was 2-to 22-fold higher than in normal tissue (Figure 3a) . The highest levels of expression were found in grade II astrocytomas (22-fold increase, n = 2), whereas 4-fold increases were detected in grade III astrocytomas (n = 3), confirming that RRAS2 is more strongly overexpressed in lower-grade tumors. RRAS2 mRNA overexpression was also detected in pre-malignant hyperplasia (a 16-fold increase, n = 1: Figure 3a and Additional file 3: Figure S2 ). The only exception was a grade I astrocytoma sample in which low RRAS2 mRNA levels were detected (n = 1), although this may have been due to misclassification. even though the number of mRNA samples classified by tumor type was not sufficiently high to generate statistically significant differences, the mRNA expression data supported the protein expression results. However, when the tumors were grouped together in function of their degree of malignancy (grade I, n = 13; grade II, n = 8; and grade III, n = 8) statistically significant differences in expression were observed (Figure 3d ).
Confirmation of R-RAS2 expression in western blots
We analyzed the expression of R-RAS2 in western blots of low grade (n = 5) and high grade (n = 5) malignant astrocytomas ( Table 2 ). The results obtained indicate the existence of R-RAS2 overexpression associated with tumor progression as opposed to the control tissue (n = 3). Furthermore, stronger expression was observed in tumors with a lower degree of malignancy (Figure 4a and b) . These data confirm the results obtained previously by immunohistochemistry and RT-qPCR, where R-RAS2 was seen to be expressed more strongly in the lower grade tumors as opposed to the higher grade tumors (p < 0.05; Figure 4b ).
In CNS tumors, R-RAS2 is the most strongly overexpressed gene within the R-RAS subfamily RRAS2 gene expression was compared by qPCR with that of the other 2 genes in this R-RAS subfamily (RRAS1 and Cryostat sections of human brain tissue (from normal brain, hyperplasias, glioblastoma grade III or IV, astrocytoma grades I, II or III, and oligodendroglioma grades I, II or III) were analyzed by immunostaining with antibodies against R-RAS2, and they were counterstained with hematoxylin and eosin. A quantitative analysis of R-RAS2 expression was performed for each brain tumor subtype, normalizing the R-RAS2 values to the levels expressed in normal tissue. R-RAS2 protein expression is represented as the diaminobenzidine absorbance, which reflects the presence of the protein in the samples. Student's t-test *p < 0.05, **p < 0.0005, ***p < 0.00005. ANOVA p < 0.00001. Scale bars = 50 μm.
RRAS3) in the same CNS tumor samples (n = 32). We observed a general increase in RRAS1 mRNA in CNS tumors and a decrease in RRAS3 expression in CNS tumors (Figure 3b , Additional file 3: Figure S2 and Table 3 ). When we assessed RRAS1, RRAS2 and RRAS3 expression according to tumor type and grade (Figure 3b-d) , the expression of RRAS1 and RRAS2, but not that of RRAS3, was significantly stronger in grade I and II tumors than in grade III tumors (p < 0.01). However, while RRAS2 overexpression in grade I tumors was 13-fold higher than in normal tissue, RRAS1 levels only experienced a 5-fold increased (Figure 3b-e) .
Discussion
This is the first study to demonstrate that R-RAS2 is overexpressed in a wide variety of human CNS tumors. R-RAS2 was overexpressed in all the tumors analyzed when compared with normal tissue, and significantly stronger expression was detected in low-grade as opposed to high-grade tumors. Hence, R-RAS2 overexpression seems to be associated with the early stages of transformation and indeed, R-RAS2 overexpression was also associated with gliosis and hyperplasia, both of which are considered to be pre-malignant processes. When the expression of mRNA encoding the other 2 members of the RAS-related subfamily was assessed, the brain specific RRAS3 was not overexpressed in CNS tumors. By contrast, RRAS1 mRNA expression was enhanced in CNS tumors, albeit not to the same extent as RRAS2. Given that unlike RRAS1 or RRAS3, RRAS2 can transform NIH-3 T3 cells [8] [9] [10] [11] , and in light of the low frequency of oncogenic mutations in classic Ras genes, we hypothesize that R-RAS2 overexpression is an important event in the transformation of neural cells, particularly those that do not carry oncogenic RAS mutations (database reference). Nevertheless, further studies will be necessary to demonstrate this assumption.
There is compelling evidence that R-RAS2 activity is linked to the activation of the PI3K pathway. Indeed, R-RAS2 directly recruits and activates several catalytic subunits of type I PI3K [23, 24] . In conjunction, these data suggest that by activating the PI3K pathway, R-RAS2 can promote neural cell survival and proliferation in association with transformation in several types of CNS cancers. This hypothesis is consistent with the high frequency of inactivating or deleting mutations in PTEN, a negative regulator of PI3K activity, in brain tumors [25] [26] [27] .
One of the principal causes of cancer are increases in PTEN-PI3K signaling [28] given that mutations in PI3K or PTEN that maintain these proteins active induce tumorigenic processes [29, 30] . In the CNS in particular, PTEN and PI3Kα appear among the 15 genes most frequently mutated in tumors (Cosmic database, Sanger Institute), irrespective of their location and histological type. Nevertheless, the frequency with which mutations appear in PTEN/PI3K does increase in function of the malignancy of the tumor. Thus, for example, the frequency of mutations in PTEN increases from 1% in Relative mRNA levels grade I astrocytomas to 21% in grade IV astrocytomas. Likewise, PI3K does not appear to be mutated in low grade astrocytomas but the frequency of mutations in high grade malignant tumors of this type reaches 6%. The same occurs in oligodendrogliomas in which the frequency of mutations in PTEN and PI3Kα is 3-2% in low grade tumors, reaching 4 and 10%, respectively, in high grade tumors (Cosmic database, Sanger Institute). Alternatively, activating mutations and overexpression of classical Ras subfamily members have been described as elements responsible for the development of tumors in human [3] , although only 0.5% of CNS tumors present mutations in classical RAS. Indeed, mutations in RRAS2 have not been found in the CNS (n = 7,378: Cosmic database, Sanger Institute). Given the above, we propose that the overexpression of R-RAS2 may be an important event in the initiation of the neural transformation process in low grade CNS tumors, in which the PTEN/PI3K pathway has still to be activated due to mutation.
Conclusions
Our findings demonstrate that R-RAS2 mRNA and protein is overexpressed in a wide variety of human CNS tumors, including glioblastomas, astrocytomas, oligodendrogliomas and medulloblastomas. While R-RAS2 was overexpressed in all CNS tumor types, its expression was inversely related to the degree of malignancy, suggesting that R-RAS2 overexpression is an early event in neural cell transformation.
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